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Thermodynamics of the semiconductor-metal transition in 
Ni1_ xS 
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A calorimetric study was made of the semiconductor·metal phase transition in Nil_xS samples with 
different critical temperatures (160-265°K). The contribution of the electron, spin, and phonon degrees of 
freedom to the change in the thermodynamic properties of the system was determined. Some of the 
concomitant phenomena-the dependence of the kinetics of the transition on the crystal size, discrete 
nature of the thermal effects in bulk crystals, and the fracture of the latter as a result of multiple crossing 
of the transition point-were attributed to the influence of stresses created by the structural transition 
accompanied by a change in the specific volume. 

PACS numbers: 71.4O.+n 

Nickel sulfide (NiS) with the hexagonal NiAs-type 
lattice is an example of a substance in which the insula
tor-metal (1M) phase transition occurs, with rising 
temperature, due to a simultaneous change in the elec
tronic and magnetic sybsystems of a crystal. [1-7J At 
low temperatures, NiS is a semiconducting antiferro
magnet with a magnetic moment, per nickle atom, 
close to two Bohr magnetons (-1. 7 IlB). At a first
order transition pOint, T e - 265 OK, the magnetic order 
disappears suddenly (the sublattice moment falls from 
a value approximately equal to O. 9 of the maximum 
moment) and, at the same time, the substance becomes 
a metal. The conductivity increases abruptly by about 
two orders of magnitude, which corresponds to the 
collapse of an energy gap of - 0.2 eV. [8J Above T e, 

there is no magnetic diffuse neutron scattering (the 
magnetic moment is -0.5 IlB) and the high-temperature 
phase exhibits properties of a d-band Pauli paramagnet. 
The transition is accompanied by a change in the sign 
of the carriers from positive to negative, [3,4J and by 
abrupt changes in the. magnetic susceptibility[2,5J and 
lattice parameters[1,9,lOJ: the specific volume and the 
axial ratio c/a decrease correspondingly by 1. 9 and 1%. 
The symmetry of the NiS lattice is not affected by the 
1M transition. [9J The temperature of the electronic 
transition in Nil'.s depends strongly on the compOSition, 
decreasing with deviation from stoichiometry, and it 
vanishes at x=O.03-0.04.u ,6,7l The fall of Te is ac
companied by a reduction in the conductivity jump. m 

An agreed interpretation of the properties of the 
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Nil'.s system has not yet been worked out. In particu
lar, the thermodynamic stimulus and the nature of the 
1M transition in this system at finite temperatures re
mains unresolved. The present paper reports a 
calorimetric investigation of the 1M transition in Nil'.s 
samples with controlled compositions (with different 
values of Te). We shall separate the contributions of 
the various degrees of freedom to the change in the 
thermodynamic properties of the system. 

METHOD AND EXPERIMENTAL RESULTS 

The compositions and morphology of the investigated 
samples are given in Table 1. Polycrystalline samples 
(sintered aggregates and powders) were synthesized 
from very pure components by the usual method. [7J 
Single crystals were prepared by crystallization from 
the melt at a rate of 3.6 mm/h in a furnace with a 
temperature gradient of 70 deg/cm. The NiAs-type 
structure was frozen by quenching from 400°C in water. 
The quality of the single crystals was determined by 
x-ray diffraction. A local x-ray spectroscopic analYSiS, 
carried out using a JXA-5 microprobe, indicated that 
the inhomogeneity of the distribution of the components 
did not exceed ± 1 reI. %. The specific heat and thermal 
effects associated with the 1M transition were deter
mined with a recording microcalorimeter of sensitivity 
down to 1 x10'7 W. [11J The advantage of this method 
was the ability to determine (with an error not exceed
ing 6%) the properties of small samples (1-100 mg) in 
which the composition and structure inhomogeneities 
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TABLE 1. Thermodynamic characteristics of 1M transition in Nit-j). 

Phase" equi-
Thermal hys- librium" tem-

Composition Morphology teresis, deg perature, OK t:.H, J/mole AS, J' mole-I. deg-1 

x=0±0.003 Powder 7.3 267. 4± O. 2 1390 ± 40 5.20±0.15 
x=0.007±0.003 Powder 4.0 217.5±0.2 960±30 4.40±0.12 
x=0.013±0.003 Powder 4.1 165.8±0.2 480±20 2.90±0.12 
x=0.007±0.003 Sintered 4.0 220.5±0.5 980 ±50 4.50 ± O. 30 

polycrystal 
x=0.010±0.003 Single crystal 5.0 190.5±1.0 655 ± 30 3.50±0.20 

due to the separation technology were reduced to a 
minimum. At the rates of change of temperature 
employed (- 5 deg/h), these samples were very close to 
the state of thermal equilibrium; the temperature drop 
between the surface and the center of a sample, rep
resenting the "nonisothermicity" under the experimen
tal conditions, did not exceed O. 01 deg. 

The results of measurements of the specific heat of 
four samples in the immediate vicinity of the phase 
transition are plotted in Fig. 1, where curve 1 repre
sents an almost stoichiometric powder, curve 2 a 
powde r with a cation concentration x == O. 007, curve 3 
a sintered polycrystalline sample of the same composi
tion and with 1-3 mm grains, and curve 4 a 2x 2x 3 mm 
single crystal (x= O. 01). The particle size in the 
powders ranged from 0.05 to 0.4 mm. All the curves 
in Fig. 1 were obtained by cooling at a rate of 5 deg/h. 
The specific heat anomalies of the single crystal and 
sintered coarse-grained polycrystalline sample had a 
"fine structure" in the form of a multitude of sharp 
peaks, whose smallest amplitude was close to the reso
lution limit of the calorimeter. 

It is clear from Fig. 1 that the specific heat jump at 
the transition was very small. According to our data, 
it did not exceed ± 1. 0 J • mole -1. deg'1. The adiabatic 
calorimetry was used in[12J to investigate a stoichio
metric sample and the jump t.e = eM - e I was estimated 
to be 0.6 ± 0.5 J. mole'l . deg'1. In estimating the 
changes in the enthalpy t.H and entropy t.S, the normal 
part of the specific heat was found by extrapolation of 
the measured values of e from high and low tempera
tures. The values of t.H and t.S found in this way are 
included in Table 1. This table also gives the thermal 
hystereSiS observed during cooling and heating and the 
phase "equilibrium" temperature Tc= t(TCOOl + ThOU)' 
Clearly, the values of t.H and t.S decrease with in
creasing concentration of cation vacancies x and with 
decreasing critical temperature. 

The dependence of the transition entropy on the criti
cal temperature of Ni1,xEl samples of different composi
tions was plotted in Fig. 2 on the basis of our results 
and those reported in[12] for a stoichiometric poly
crystalline sample and in[5] for two single crystals with 
Tc= 267 and 228 OK. The dependence was found to be 
nearly linear. In preparing the manuscript for press, 
we had an opportunity to become acquainted with the 
results of a similar investigation carried out by Coey 
and Brusetti. [13] The values of t.S(Tc) and of the 
transition hysteresis reported in[1S] are represented in 
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Fig. 2 by horizontal lines of suitable width. It is clear 
that, in spite of the different methods used in the 
preparation and investigation of the samples,1) the two 
sets of results were in good agreement. It was re
ported in[13] that the jump in the specific heat at the 
first-order phase transition point did not exceed 1. 0 
± 0.5 J. mole'1 • deg'1. 

Coey and Brusetti observed a discrete structure of 
the thermal effects in small NiS crystals (- 5 mg), which 
was similar to that observed by us for fairly large 
single crystals and coarse-grained poly crystalline 
samples. They attributed this structure to composition 
fluctuations as a result of which the abrupt first-order 
transition occurred at similar but no identical tempera
tures in parts of a -0.1 mm sample. We would not 
exclude this as one of the possible explanations but we 
regard it as more probable that the discrete structure 
is a manifestation of a disordered relaxation of intrinsic 
elastic stresses resulting from changes in the crystal 
structure. In the case of a homogeneous distribution of 
a new (compressed) phase in an elastically isotropic 
matrix, the variance of the structure of stresses which 
appear solely because of a change in the specific volume 
can be estimated from[14] 

D,"'" 18.5 e'! (1-f) E', (1) 

where e is the volume effect of the phase transition, f 
is the relative content of the new phase, E is the aver
age Young modulus of both phases. The formula (1) is 
valid on condition that f is close to unity or to zero 

, 
00 

~ 

500 

• JOO 

Z50 T, "K JOO 

FIG. 1. Specific heat of four samples of Nij_~S near the 1M 
transition: 1) near-stoichiometric powder; 2) powder with 
x = 0.007; 3) sintered polycrystalline sample x == O. 007; 4) sin
gle crystal with x == 0.010. 
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FIG. 2. Change in the entropy at the 1M transition plotted as 
a function of Tc of Nil .... S samples of different composition: 
0) our results for powders; el) our results for a single crystal; 
'.0.) our results for a sintered polycrystalline sample; .) pow
der, results from[12l; -) single crystals, results from lli]. The 
horizontal bars represent the values of AS and the hysteresis 
of the transition for polycrystalline samples investigated in[13]. 
The continuous line is the dependence S(Tc) calculated on the 
assumption that gm =2. 4 and the dashed line is the dependence 
calculated for gm = 2. O. 

(there are no stresses if f = 0 or f = 1) and the medium 
remains continuous. 

The Poisson ratio is assumed to be 1/3. In this case, 
the Young modulus E is numerically equal to the bulk 
modulus. Assuming for NiS the values e = O. 019[1,9,10] 
and E '" 1. 3x 103 kbar, [10] we find that, if f= 0.1, the 
standard deviation of normal stresses from the average 
(zero) value is da = (Da)1/2"'E/40"' 30 kbar. An estimate 
shows that intrinsic stresses which appear in NiS 
crystals as a result of a phase transition may be very 
conSiderable and even comparable with theoretical 
tensile strength. 2) The relaxation processes reduce the 
actual local-equilibrium elastic stresses in an NiS 
crystal (deduced from the broadening of the transition) 
to a value not exceeding ±3 kbar (dT jdP- - 6 deg/ 
kbar[9,10]). 

Several experimental investigations demonstrated 
that an important mechanism in the relaxation of struc
tUral stresses in NiS crystals is the formation of dis
continuities at the boundaries of a new phase. 

1. An x-ray diffraction investigation of single crys
tals failed to establish a regular correspondence be
tween the lattices of the initial and final phases during 
all stages of the tranSition; moreover, there were no 
manifestations of the accommodation of stresses by 
twinning or domain formation. 

2. The results of a granulometric analysis of an 
almost-stoichiometric NiS powder (Table 2) indicated 
that the number of larger particles decreased con
siderably after several 1M transition cycles. Particles 
of - 0.1 mm in Size, corresponding to the center of 
gravity of the size distribution, were clearly close to 
the maximum volume in which each of the phases could 
exist irrespective of what happened in neighboring parts 
of the system. The size of such "single-domain" par
ticles in NiS was clearly limited by the mechanical 
properties of the substance. Experiments carried out 
on sieved powders of the same composition (Fig. 3) 
indicated that, when particles were nearly single
domain in size « O. 06 mm), the phase transition broad
ening was considerably less than for powders of larger 
particles. The integrated thermal effect and the transi-
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TABLE 2. Distribution of particles in 
Nit-;> powder (x=0±0.003). 

Content, wt. % 

Particle Before After 5 transi-
size, mm transition tion cycles 

<0.05 4.0 4.0 
0.05-0.1 20.0 31. 0 
0.1-0.2 34.0 42.0 
0.2-0.3 28.5 21. 0 
0.3-0.4 13.5 2.0 

tion point were not affected. 

3. Experiments on single crystals revealed a depen
dence of the integrated thermal effect of the phase 
transition on the number of cooling-heating cycles 
across the critical point. After five cycles, D.H of a 
single crystal (x'" 0.01) increased from 530 to 655 ± 30 
J/mole and then ceased to vary. After repeated pass
age through the transition point, the Single crystals 
broke up into smaller crystallites of 0.1 mm in size. 
Fracture made it difficult to investigate the electrical 
properties of NiS single crystals near the phase transi
tion point. 

DISCUSSION OF RESULTS 

We shall use the published information in determining 
the contributions of the electron, spin, and phonon de
grees of freedom to the changes in the thermodynamic 
properties of NibS at the 1M transition. The low
temperature specific heat of stoichiometric nickel 
sulfide and of a sample of Nio•95S which remained a 
metal down to 0 OK was investigated by Ohtani et al. [16] 

and by Coey and Brusetti. [13] Using, after Ohtani 
et al., [16] the coefficients of the electronic specific 
heat of the metallic "insulating" phases ym = 12 and yi 
= 5.2 mJ. mole-I. deg-2, we find that the contribution of 
the collective-state electrons to the change in the 
entropy and specific heat of NiS at the 1M transition is 
aso.= D.C o.= 1. 8 ± 0.1 J/mole. Thus, the change in the 
entropy which can be attributed to conduction electrons 
represents only 0.3 of the total change in the entropy 
found experimentally for stoichiometric samples (5.20 
± 0.15 J. mole-I. deg-1). This is in conflict with the 
idea that the 1M transition in NiS is a purely electronic 
process due to a change in the density of states at the 
Fermi level. [5] A similar conclusion was reached by 
Coey and Brusetti on the basis of their values yi = O. 9 
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FIG. 3. Specific heat of a sieved powder with x = 0.013 and 
grain size, (mm): 1) 0.05; 2) 0.07-0.09; 3) 0.10-0.15. 
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and ')I" =6. 2 mJ . mole-1• deg-z. 

The symmetry of the NiS lattice is not affected by the 
1M transition and, therefore, the contribution of the 
lattice to the entropy and specific heat jumps, D.SL and 
D.CL , can be estimated using the Debye approximation 
and ignoring the contribution of the optical phonon 
branch. The Debye temperatures of the two phasest13 •16) 
differ in respect of the absolute value and of the ratio 
am /ai: ai = 157.2 OK and am = 164 °K[16); ai = 375 OK and 
em = 336 OK. [1S) This very large difference between the 
two sources makes it highly desirable to carry out 
control experiments. However, there are several 
reasons why preference should be given to the results 
of Ohtani e tal. (16) 

1. The T S Debye law gives a correct a only in the 
range of temperatures several degrees higher than T 
= 0 (the Debye specific heat expressed as the dependence 
of CiT on T2 has a maximum at T Z/a 2 -7. 5x10-2). This 
condition is largely satisfied in the experiments of 
Ohtani et al. , [16] in which the specific heat was mea
sured at fairly low temperatures of 1. 5-7 °K(T 2/a 2 

= 8. 4x 10-5-1. 8 x 10-3). The corresponding measure
ments in(lS] were carried out at higher temperatures: 
5-17 °K(T 2/a 2 = 1. 8x lO-s-1. Ox 10-2) and, in this case, 
the value of a could be overestimated. 

2. The adiabatic calorimetry method used in(16] is 
more accurate than the method of continuous heating 
at a rate of 30 deg/h employed by Coey and BrusettL [13) 

If we use tables of the Debye functions(17] for a i 

= 157.2 OK and a" = 164 OK, we find that, at T c= 265 OK, 
the changes are D.SL = - 2.10± O. 30 J • mole-1 . deg-1 and 
D.C L = - 0.15 ± 0.10 J. mole-1 . deg-1. In comparing the 
contributions of the lattice and conduction electrons with 
the experimental data, we must allow also for the values 
of Ca and Sa due to the anharmonicity effects: 

T p'V 
S.= I-dT. 

Xr 
o 

Using the compressibUities )(~ = 8. 6 X 10-4 kbar-1 and 
x; = 7.3 X 10-4 kbar-1[1O] and the thermal expansion coef
ficients ? = 2. 2 X 10-5 deg-1 and ~ = 3. 6 X 10-5 deg-1, [1,10) 
we obtain D.Ca =D.S.=0.50±0.30J o mole-1 .deg-1. The 
combined contribution of the lattice and conduction 
electrons, including corrections for their anharmonic
ity, gives the specific heat and entropy jumps D.C' 
= 2.15 ± 0.35 J . mole-1• deg-1 and D.S' = O. 20 ± O. 45 
J. mole-1 • deg-1, which are quite different from the ex
perimental values. 

Phenomenological models of the 1M transition in an 
antiferromagnet which allow for the influence of the 
magnetic order on the excitation of localized d electrons 
in the conduction band were put forward by FaUcov 
et al. [16] and Alascio et al. (19) The model of Alascio 
et al. [19] allows for the contribution to the change in the 
entropy due to partial disordering of the magnetic 
moments, 

I1Sm=kp, (~S-1 (m)dm -In gi) , (2) 

o 
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and for the configurational and paramagnetic contribu
tions of localized d electrons, 

I1S,.=kp, [Ingm+ln p,+ C~P·)ln{1-p,)]. (3) 

where k is the Boltzmann constant, Pc is the relative 
concentration of localized electrons at the transition 
point (it is assumed that each cation gives up not more 
than one electron to the conduction band); me is the 
relative jump in the magnetization; g; is the multiplicity 
of the ground atomic state :we; g .. is the multiplicity of 
the atomic state with a hole; BSl is the reciprocal 
Brillouin function for the spin S = 1. Following the 
experimental results, [16] we shall assume that the 
carrier mobility in NiS does not change greatly at the 
1M transition point and the jump in the electrical con
ductivity is solely due to a change in the concentration 
of current excitations am/ai = 1/(1 - Pc)' Using the ex
perimental values mc = 0.9[1] and am/a; '" 6 X 102, [7] we 
find that, in the case of stoichiometric NiS, the change 
in the entropy is D.S .. = - 2. 60 J. mole-1 • deg-1. 

No definite information is available on the degree of 
degeneracy of the d shell of the cations in NiS after 
excitation of carriers. 3) In a sufficiently strong crystal 
field, both excited states of a cation-one with an elec
tron miSSing from the e shell and the other with an 
excess electron in this shell-represented by the con
figurations (~)e and (~)eS in the valence states Ni3+ and 
Ni+ -are characterized by multiplicity factors close to 
the pure spin factor (gm = 2). [20) The corrections as
sociated with the influence of the crystal field, spin
orbit coupling, and hybridization of localized and band 
states (which generally depend on temperature) may 
result in a deviation of gm from the pure spin value. 
The best agreement with the experimental results is 
given if we assume that the degree of degeneracy is 
g .. = 2.4. When this value is used, we find that, in the 
case of NiS, we have D.S1.=7.3J·mole-1·deg-1. Hence, 
the total change in the entropy at the transition point is 
estimated to be D.S = D.S' +D.S .. +D.S1.=4. 9± O. 5 J .mole-1 

. deg-1 (the experimental value is 5. 20± O. 15 J. mole-1 

.deg-1). 

The excess specific heat of the conducting phase, as
sociated with the magnetic disorder and excitation of 
electrons from localized states, ensures a negative 
jump in the specific heat of - 2. 0 J. mole-1 • deg-1 at the 
transition point. Hence, allowing for the contributions 
discussed above, we find that the total change is D.C 
= 0.15 ± 0.5 J. mole-1• deg-t, which is in good agreement 
with the experimental results. A self-consistent equa
tion for the magnetization [Eq. (4.3) in[19)] gives T~ 
'" 475 OK for the temperature of disordering of the 
magnetic moments or the Neel point of stoichiometric 
NiS; this value is in satisfactory agreement with 
estimates obtained from MBssbauer measurements 
(400-465 OK). [21,22) 

The dependence of the entropy of the 1M transition in 
the Nil-~ system on the transition temperature, calcu
lated using the above values of T~, gh and g"" is the 
continuous curve in Fig. 2. In plotting the dependence 
D.S (T c), we assumed that the temperature -dependent 
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contributions of the lattice conduction electrons to the 
entropies of the phases do not differ from the corre
sponding contributions in the case of the stoichiometric 
sulfide. In accordance with the experimental results, [7J 

it was assumed that, in nonstoichiometric Nil'~' the 
formation of a vacancy in the cation sublattice is ac
companied by the formation of two acceptor levels with 
an excess positive charge (Nih) ensuring p-type con
duction in the p band even at relatively low temperatures 
because only 1 - 3x of the host cations participate in 
the excitation of intrinsic carriers. An estimate of Pc 
from the experimentally determined conductivity jumps 
in Nil'~ samples of controlled composition[1l was 
obtained in the same approximation that was applied to 
the stoichiometric sulfide. The dashed curve in Fig. 2 
is the dependence S(Tc) expected in the case of the pure 
spin value of the degree of degeneracy (multiplicity 
factor) gm = 2. Using the Debye temperatures e i = 375 OK 
and em = 336 OK, which gave ~SL = 4.75 J. mole,l • deg-1 

and ~CL =0.80 J. mole,l. deg,l, Coey and BrusettiU3l 

concluded that the acoustic lattice vibrations dominated 
the process of stabilization of the NiS phase. They 
compared the experimental results with the contribu
tions of thelaUice and conduction electrons and esti
mated the" magnetic" components of the specific heat 
and entropy jumps ~CM = - 2. 2± O. 7 J. mole-i. deg-1 

and ~SM = - o. 83 ± 1. 0 J. mole-i. deg-1, but they were 
unable to explain these values quantitatively. Coey and 
Brusetti attributed the antiferromagnetism of the low
temperature phase to conduction electrons; they re
jected the intraatomic correlation and localized mag
netic moments in this phase. This point of view is in 
conflict with the majority of existing models of the 1M 
transition in NiS[23-25l in which the "insulating" phase 
is assumed to contain, in some way, localized anti
ferromagnetic ally ordered magnetic moments. The 
presence of localized d-electron spins in the low-tem
perature phase of NiS is supported by the above analysis 
of the results on the thermodynamics of the transition. 

The authors are grateful to E. P. Vol'ski! for read
ing the manuscript and valuable comments. 

1)The method of differential scanning calorimetry with high 
rates of temperature variation (up to 600 deg/h) was used 
in[13l. 

2)It should be noted that, although the theoretical stresses 
needed to break atomic bonds amount to E/5, brittle sub-
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stances usually fracture at stresses of just -E/500. LlOJ 

3) The nature of the intrinSiC conduction of the low -temperature 
phase of NiS has not yet been determined. 
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